Human episodic memory is highly context dependent. Therefore, retrieval benefits when a memory is recalled in the same context compared to a different context [1, 2] . This implies that items and contexts are bound together during encoding, such that the reinstatement of the initial context at test improves retrieval. Animal studies suggest that theta oscillations and theta-to-gamma cross-frequency coupling modulate such item-context binding [3] , but direct evidence from humans is scarce. We investigated this issue by manipulating the overlap of contextual features between encoding and retrieval. Participants studied words superimposed on movie clips and were later tested by presenting the word with either the same or a different movie. The results show that memory performance and the oscillatory correlates of memory formation crucially depend on the overlap of the context between encoding and test. When the context matched, high theta power during encoding was related to successful recognition, whereas the opposite pattern emerged in the context-mismatch condition. In addition, cross-frequency coupling analysis revealed a contextdependent theta-to-gamma memory effect specifically in the left hippocampus. These results reveal for the first time that context-dependent episodic memory effects are mediated by theta oscillatory activity.
Human episodic memory is highly context dependent. Therefore, retrieval benefits when a memory is recalled in the same context compared to a different context [1, 2] . This implies that items and contexts are bound together during encoding, such that the reinstatement of the initial context at test improves retrieval. Animal studies suggest that theta oscillations and theta-to-gamma cross-frequency coupling modulate such item-context binding [3] , but direct evidence from humans is scarce. We investigated this issue by manipulating the overlap of contextual features between encoding and retrieval. Participants studied words superimposed on movie clips and were later tested by presenting the word with either the same or a different movie. The results show that memory performance and the oscillatory correlates of memory formation crucially depend on the overlap of the context between encoding and test. When the context matched, high theta power during encoding was related to successful recognition, whereas the opposite pattern emerged in the context-mismatch condition. In addition, cross-frequency coupling analysis revealed a contextdependent theta-to-gamma memory effect specifically in the left hippocampus. These results reveal for the first time that context-dependent episodic memory effects are mediated by theta oscillatory activity.
Results
To investigate context-dependent episodic memory effects, we recorded magnetoencephalography (MEG; 148 sensors) in 18 human participants during a context memory experiment ( Figure 1A ). At encoding, words were shown superimposed on movie clips. Later, in a surprise memory test, word-movie pairs were presented again together with new word-movie pairs, and participants indicated their confidence as to whether the word was old or new using a six-point scale ranging from ''very sure old'' to ''very sure new.'' To this end, half of the old words were paired with the same movie as during encoding (context-match condition), whereas the other words were paired with a different, but also old, movie (context-mismatch condition; Figure 1A ). This experiment thus utilized a direct context manipulation, which goes beyond prior studies investigating context memory via subsequent memory effects based on source memory judgments (e.g., [4] ). The rationale was that any neural correlate of context-dependent memory at encoding should vary as a function of how the memory is being tested later. Movies were chosen as context manipulation because they are known to be strong contextual memory cues [5] .
Memory Retrieval Is Context Dependent
Overall, the participants' mean hit rate (correct responses including ''very sure old,'' ''sure old,'' and ''probably old'') was significantly higher in the context-match than in the context-mismatch condition (68.6% versus 60.5%, respectively; t 17 = 4.76; p < 0.0005, two-tailed t test; Figure 1B ). This effect was evident in 16 out of the 18 subjects, showing that movies are indeed powerful contextual cues. Mean correct rejection rate was 66.7% (mean false alarm rate 33.3%) showing that participants were well able to distinguish between old and new words. Note that the false alarm rates were the same for the match and the mismatch conditions, because all old items (match and mismatch) were shown intermixed with new items. To investigate whether the contextdependent behavioral memory effects were driven by episodic recollection or by a modulation of general memory strength, we split the data into high-confidence hits (''very sure old'') and low-confidence hits (''sure old,'' ''probably old''). A two-way repeated-measures ANOVA revealed a significant condition 3 confidence interaction (F 1,17 = 4.801; p < 0.05; Figure 1C) . Post hoc t tests indicated that the difference between high-confidence hits was significant (t 17 = 3.94; p < 0.005, twotailed t test), whereas the difference between low-confidence hits (match versus mismatch) was not significant (p > 0.5, two-tailed t test). Together, these results show that the reinstatement of contextual features at test enhances memory performance [2] and suggest that this effect is driven by episodic recollection. The context-dependent memory effect was replicated in an independent data set (67% versus 63.2%; t 22 = 3.673; p < 0.005, two-tailed t test; see Figure S1B available online) using sensory modality (auditory versus visual) as context manipulation (see experiment 2 in the Supplemental Experimental Procedures for details).
Theta Power Correlates of Memory Encoding Are Context Dependent
To identify oscillatory correlates of context-dependent memory formation, we contrasted subsequent memory effects (SMEs), i.e., differences between hits and misses, between the match and the mismatch condition in terms of associated activity at encoding. Time-frequency clusters of interest were identified by a two-step procedure (see Supplemental Experimental Procedures for details). Power values in the lower (2-30 Hz) and higher (30-90 Hz) frequencies were admitted to a sliding window analysis. In the lower frequency range, context-dependent SMEs were selectively identified in the theta band (Figure 2A ). Only the early effect (3.5-4.5 Hz, 0.1-0.7 s; highlighted in Figure 2A ) survived a cluster-based dependent randomization procedure (p corr < 0.05) and was evident over a cluster of central, parietal, and temporal sensors. Post hoc t tests performed on this cluster of sensors revealed a positive SME in the context-match condition (hits > misses; p < 0.01) and a negative SME in the contextmismatch condition (hits < misses; p < 0.01; Figures 2B  and 2C ). Additional analysis showed that this power effect *Correspondence: tobias.staudigl@uni-konstanz.de was induced, i.e., not driven by evoked components (intertrial phase coherence; see Supplemental Experimental Procedures), suggesting that the effect was indeed oscillatory. The present findings are in line with prior studies that highlighted the importance of theta oscillations for memory formation [6] [7] [8] [9] [10] [11] [12] and suggested that theta oscillations at encoding facilitate later retrieval of contextual features [4] . In the higher frequency range , no cluster survived the clusterbased dependent randomization procedure (see Supplemental Experimental Procedures for details).
To further validate our findings, we reversed independent and dependent variables such that memory performance was now predicted by single-trial theta power. In the match condition, the single trials with the highest theta power yielded the best memory performance, whereas the opposite was true for the mismatch condition; the interaction (condition 3 bin) was significant (c 2 = 14.37; degrees of freedom [df] = 3; p < 0.01; see Figure S2A and Supplemental Experimental Procedures for details). This analysis showed that context-dependent memory performance could be predicted by single-trial theta power. Moreover, we replicated the context dependency of the theta SME in the additional multisensory context experiment (experiment 2; Figures S1A-S1C; see Supplemental Experimental Procedures for details). Dynamic imaging of coherent sources (DICS), a frequency domain-adaptive spatial-filtering algorithm [13] , was used to estimate the sources of activity based on the time window and frequency band of the interaction effect found on the sensor level (3.4-4.5 Hz, 0.1-0.7 s). Each participant's individual source solution was normalized onto a standard Montreal Neurological Institute (MNI) brain, and source statistics were calculated using dependent t tests (p < 0.05, one-tailed). The context-dependent SMEs (difference [match hits 2 match misses] > difference [mismatch hits 2 mismatch misses]) were considered These results demonstrate that the theta power SMEs depend highly on the overlap of contextual features between encoding and test. Specifically, the sensor-level data showed that high theta power during encoding predicted later retrieval if encoding and test contexts match. However, the opposite is true if encoding and test contexts do not match. These results underline the context-dependent nature of human episodic memory and suggest that this mechanism is reflected in theta oscillations in left frontal and parietal brain regions, the insula, and the hippocampal formation.
Theta-to-Gamma Cross-Frequency Coupling Is Context Dependent
Several prior studies in humans demonstrated that theta-togamma cross-frequency coupling subserves human memory functions [14] [15] [16] [17] . Specifically, intracranial electroencephalogram (EEG) and MEG studies were able to localize these effects to the hippocampal formation [15, 18] . Importantly, a prior study in rodents suggests that theta-to-gamma cross-frequency coupling in the hippocampus mediates item-context binding [3] . We therefore explored whether theta-to-gamma cross-frequency coupling also revealed SMEs, and whether these effects were context dependent. This analysis was carried out on the source level. To this end, a time domain linearly constrained minimum variance (LCMV) beamformer [19] was used to obtain source time series by projecting the raw data into source space, resulting in five virtual electrodes, which were placed on the sources identified by the previous analysis. On these virtual electrodes, cross-frequency phase-to-power coupling was analyzed by computing the peak-to-trough index (see Experimental Procedures and Supplemental Experimental Procedures for details; lower frequency of interest, 4 Hz; higher frequency range of interest, 30-90 Hz, gamma band; [20] ).
As in the power analysis, a sliding window approach (see Supplemental Experimental Procedures for details) was used to determine the frequency range of interest in the gamma band. Permutation testing revealed a significant cluster in a frequency range of 35-45 Hz for the left hippocampus (p corr < 0.05). No other location (left superior frontal gyrus, left inferior parietal lobe, right superior frontal gyrus, right insula) showed significant context-dependent theta-to-gamma coupling SMEs ( Figures S4A-S4E ). The consecutive significant frequency bins in the left hippocampus were concatenated and subjected to a two-way repeated-measures ANOVA, yielding a significant interaction of cross-frequency coupling across conditions (F 1,17 = 9.795; p < 0.01). This result is visualized in Figure 4A , where gamma power differences (difference [match hits 2 match misses] > difference [mismatch hits 2 mismatch misses]) are shown as a function of theta phases (binned into eight equal intervals: 2pi to pi) for each condition on the virtual electrode in the left hippocampus ( Figure S3B depicts the region of interest in the left hippocampus). Crucially, the gamma power differences exhibit a sinus-like shape across the eight phase bins, thus showing context-dependent SMEs. Figure 4B depicts the SMEs (hits versus misses), displaying a roughly 180 phase shift between the match and the mismatch condition. To visualize this result in more detail, the cross-frequency coupling effect is shown separately for each of the four conditions (match hits, mismatch hits, match misses, and mismatch misses) in Figure 4C . These results show that context-dependent cross-frequency coupling SMEs were driven by the hits in the match and the hits in the mismatch condition, which both showed sinusoidal modulations of the gamma power across bins but aligned to different phase angles. Specifically, in the context-match condition, hits were characterized by high gamma power closer to the theta trough, whereas hits in the mismatch condition showed high gamma power closer to the theta peak. Misses in both conditions did not show a clear pattern of theta-to-gamma modulation.
As for the power data, we reversed independent and dependent variables such that memory performance was now predicted by the peak-to-trough index (lower frequency = 4 Hz; higher frequency = 35-45 Hz) in each single trial. In the match condition, the bins with the most negative peak-to-trough index predicted the best memory performance, whereas in the mismatch condition, the highest memory performance was found in the bins with the most positive peak-to-trough index. The interaction (condition 3 bin) was significant (c 2 = 14.37; df = 3; p < 0.01; see Figure S4F and Supplemental Experimental Procedures for details), showing that contextdependent memory performance could be predicted by the single-trial theta-to-gamma cross-frequency coupling.
Discussion
One of the hallmarks of human episodic memory is its dependence on spatiotemporal context [21] . This is corroborated by several prior behavior studies and by the behavioral results of the current study, in showing that memory benefits highly when contextual features between encoding and retrieval overlap [1, 2] . Using a powerful method (movies) to induce context-dependent memory effects, and investigating theta oscillatory activity during encoding, the current study reveals the brain oscillatory correlates underlying such contextdependent memory effects. These effects were evident in theta power and in theta-to-gamma cross-frequency coupling, which have both been suggested to play a key role when integrating a memory item with its spatiotemporal context [3, 4, 16] .
With regard to theta power, our results provide first evidence that theta (w4 Hz) oscillatory SMEs can be reversed by an experimental manipulation. High theta power during encoding was only beneficial for later recognition performance if study and test contexts matched (positive SME), whereas it was detrimental in the case of context mismatch (negative SME). These data provide first direct evidence for the assumption that theta power plays a crucial role in context-item binding and go beyond prior studies investigating whether theta oscillations at encoding predict later source memory [4] . The reversal of the theta power SME by a context manipulation may also help to resolve discrepant findings with some studies reporting positive theta power SMEs [8, 11, 12, 22] , others reporting negative theta SMEs [6, 7, 23] , and others reporting both [10] . Importantly, in most of these studies, encoding and retrieval conditions were relatively uncontrolled (e.g., intentional learning and free recall). Thus, our results suggest that differences in susceptibility to contextual fluctuations between study and test may account for these seemingly contradictory findings. Analyzing theta-to-gamma cross-frequency coupling in source space, we provide evidence for a role of theta-togamma coupling during human episodic memory formation. We found a context-dependent modulation of cross-frequency coupling in the left hippocampus, corroborating recent animal work, which showed that hippocampal theta-togamma coupling mediates associative learning in rodents [3] . Crucially, this correlate of successful memory encoding was context dependent, such that gamma power for laterremembered items was aligned to opposing phases of the theta oscillation in the match and mismatch condition, respectively (see Figure 4B ). Assuming that hits in the match condition were strongly bound to their context at encoding, in contrast to weak item-context binding in the mismatch condition, these results point toward a preferred theta phase for successful item-context binding. The impact of theta phase on the formation of memory traces has previously been shown in vitro and in rodents and has been implemented in influential models of memory (e.g., [24] [25] [26] ). The theta phase shift of gamma power alignment for strong versus weak item-context binding could be supportive of previous work showing that long-term potentiation preferentially occurs during specific phases of the hippocampal theta cycle, whereas long-term depression preferentially occurs at opposing phases [16, 25, 26] . In the present case, the suppression of binding between item and context leads to a beneficial outcome in the context-mismatch condition.
Together, these data show that both theta power and thetato-gamma coupling reflect context-dependent memory, but in different ways. Theta power was only modulated by the context manipulation but did not generally dissociate laterrecognized items from later-unrecognized items. In contrast, the theta-to-gamma cross-frequency coupling analysis showed that match and mismatch hits exhibited cross-frequency coupling, but with gamma power being locked to opposing theta phases and misses not showing gamma power modulation by theta phase. Therefore, theta-to-gamma coupling indexed not only context-item binding but also general item memory. These results can be reconciled with the model by Jensen and Lisman [27] suggesting that gamma oscillations might reflect item processing whereas theta oscillations might reflect the spatiotemporal context. Following this idea, theta power should mostly react to contextual manipulations, whereas theta-to-gamma coupling should reflect both item memory and item-context binding. This is exactly what our data show and suggest, that both theta power and thetato-gamma coupling play important, albeit slightly different, roles in item-context binding.
The cross-frequency coupling effect was found to be specific to the hippocampus. However, a network of sources was identified to contribute to the scalp-level theta power effect. The left and right superior frontal gyri (BA 10) have been shown to be involved in context memory by a prior fMRI study [28] . Activity in the right insula is also in line with fMRI work reporting SMEs for object source memory [29] and words in a shallow encoding task [30] . Parietal cortex has been shown to be involved in contextual binding at an earlier, perceptual stage [31] . The finding of medial temporal lobe (or hippocampal) sources for sensor-level MEG data complements previous studies [7, 18, 32] . Although it is a currently debated issue, there is evidence that magnetic fields caused by hippocampal theta activity can be measured by external MEG sensors ( [33] ; S.S. Dalal, personal communication; see also Figure S3A ).
An alternative interpretation of the present findings may be that the local versus global allocation of attentional resources is underlying to the present memory-related pattern of results. Romei et al. [34] showed that inducing theta synchronization via transcranial magnetic stimulation over the right parietal cortex can facilitate global processing. However, additional MEG (Figures S1A-S1C) and behavioral data (Figure S1D) , and the analyses of the reaction time data in the current data set ( Figures S2D and S2E) , do not support this hypothesis (see Supplemental Experimental Procedures for a detailed discussion). These data rule out that the theta activity observed here reflects processes linked to the specific context-memory pairs used in the main experiment (words superimposed over movies scenes). Instead, they substantiate that this theta activity reflects memory-related context processing per se generalizable across different context manipulations.
In the present study, we showed that theta oscillatory SMEs depend highly on the overlap of contextual features between encoding and retrieval. Importantly, these encoding-related memory effects were modulated solely by the condition in which the memory items were retrieved later. These results reveal for the first time the brain oscillatory correlates underlying context-dependent memory effects, which are considered a hallmark of human episodic memory. 
Experimental Procedures
Design and Materials Stimuli consisted of 360 unrelated German nouns [35] and 360 movie scenes. 120 word-movie pairs were assigned to the context-match condition (match pairs), where identical pairs were shown during study and test. In the context-mismatch condition, the 120 word-movie pairs presented during study were rearranged for the test phase (mismatch pairs). 120 word-movie pairs served as new pairs during the test. Therefore, a difference in recognition performance between the context-match and context-mismatch condition at test could not arise due to the participants' judgment being solely based on the movies. The experimental protocol was approved by the local ethical review board.
Procedure Figure 1A summarizes the experimental procedure. At study, participants were instructed to focus their attention on the word and judge whether the first and last letter of the word were in alphabetic order or not [22] . At test, participants indicated their confidence as to whether the word was old or new, using a six-point scale ranging from ''very sure old'' (1) to ''very sure new'' (6).
Data Collection and Preprocessing
MEG data were recorded with a 148-channel magnetometer and preprocessed using the FieldTrip MATLAB toolbox [36] . Data were epoched into single trials around the onset of presentation of a word-movie pair during the study phase and sorted according to each participant's confidence judgments during the test phase. Trials including old items that were judged as old (responses 1, 2, and 3) constituted hits; the remaining trials including old items were classified as misses. All further analyses were based on comparisons between hits and misses (subsequent memory effects, SMEs).
Time-Frequency Analysis
Time-frequency analysis was applied to each trial at each MEG sensor using Morlet wavelets, as implemented in FieldTrip. Power values represent percent signal change as compared to a prestimulus baseline. To identify time-frequency windows of interest in the theta band (3-8 Hz), we applied a two-step approach. In a first step, consecutive significant time-frequency windows were identified by a sliding window analysis. In the second step, these time-frequency windows were subjected to a cluster-based dependent t test randomization procedure (see Supplemental Experimental Procedures).
Source Estimation
Beamformer analyses were performed to estimate cortical sources of the sensor-level effects and to compute cortical source time series for further analyses, using a virtual electrode approach. The former was accomplished using the DICS [13] approach, the latter using LCMV spatial filtering [19] .
Cross-Frequency Coupling
Theta phase information (4 Hz, corresponding to the sensor-level effect) and power values for the higher frequency range (30-90 Hz; gamma band; see [20] for review) were extracted from each virtual electrode's time series. In each single trial's phase time series, three troughs and three peaks nearest to 400 ms poststimulus (the center of the theta power sensor effect) were identified. The power values in each single trial were binned around peaks and troughs (60.25 theta cycles), respectively. The normalized difference between power at peaks and troughs, averaged across single trials, depicts the peak-to-through index, which was separately computed for hits and (B) Polar plots of the theta-to-gamma SME (hits 2 misses) for the match (blue) and mismatch (red) condition. Arrows depict means of the complex values in each condition.
(C) Theta-to-gamma cross-frequency coupling in each of the four conditions. Note that gamma power is aligned to different phase angles for hits in the match and the mismatch conditions, respectively. misses, in each condition (context match, context mismatch) and for each virtual electrode.
To identify the frequency range of interest in the gamma band, we used a sliding window approach. A permutation procedure was employed to account for multiple testing. Consecutive significant frequency bins were concatenated and subjected to another two-way repeated-measures ANOVA, yielding significant modulations of the gamma power by the theta phase (difference [match hits 2 match misses] > difference [mismatch hits 2 mismatch misses]). To depict the dynamics of the cross-frequency coupling in more detail, we binned theta phases into eight equal intervals (2pi to pi).
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